Viruses affect biogeochemical cycling, microbial mortality, gene flow, and metabolic functions in diverse environments through infection and lysis of microorganisms. Fundamental to quantitatively investigating these roles is the determination of viral abundance in both field and laboratory samples. One current, widely used method to accomplish this with aquatic samples is the "filter mount" method, in which samples are filtered onto costly 0.02-m-pore-size ceramic filters for enumeration of viruses by epifluorescence microscopy. Here we describe a cost-effective (ca. 500-fold-lower materials cost) alternative virus enumeration method in which fluorescently stained samples are wet mounted directly onto slides, after optional chemical flocculation of viruses in samples with viral concentrations of <5 ؋ 10 7 viruses ml ؊1 . The concentration of viruses in the sample is then determined from the ratio of viruses to a known concentration of added microsphere beads via epifluorescence microscopy. Virus concentrations obtained by using this wet-mount method, with and without chemical flocculation, were significantly correlated with, and had precision equivalent to, those obtained by the filter mount method across concentrations ranging from 2.17 ؋ 10 6 to 1.37 ؋ 10 8 viruses ml ؊1 when tested by using cultivated viral isolates and natural samples from marine and freshwater environments. In summary, the wet-mount method is significantly less expensive than the filter mount method and is appropriate for rapid, precise, and accurate enumeration of aquatic viruses over a wide range of viral concentrations (>1 ؋ 10 6 viruses ml ؊1 ) encountered in field and laboratory samples.
V
iruses are the most abundant biological entities in aquatic systems, and their infection of microorganisms has substantial influences on microbial ecology, biogeochemical cycling, and gene transfer in aquatic environments (reviewed in references 1 and 2). An accurate method to quantify aquatic viruses is thus essential for use in field and laboratory studies to investigate the roles of viruses in aquatic environments. Enumeration of viruses in aquatic samples has previously been accomplished by using transmission electron microscopy (TEM) (3), epifluorescence microscopy (reviewed in reference 4), and flow cytometry (reviewed in reference 5).
While each of the above-mentioned methods requires the use of relatively expensive laboratory equipment, the per-sample cost of the widely used epifluorescence microscopy method has recently increased dramatically. This method involves filtering the sample onto 0.02-m-pore-size ceramic filters, staining viruses on the filters by using one of several available nucleic acid dyes, mounting the filter onto a slide, and visually enumerating the deposited viruses by epifluorescence microscopy (reviewed in reference 4). However, the filters used for this "filter mount" method have risen in cost to ca. $10 each in the United States (with increased costs in some other countries), creating a significant financial burden for researchers pursuing studies of environmental viruses. To address this, we have developed a new, less costly "wet-mount" epifluorescence microscopy method to enumerate aquatic viruses, in which fluorescently stained samples are wet mounted directly onto a slide, with quantification of viral concentrations based on the relative abundance of viruses and silica beads in the sample.
MATERIALS AND METHODS
Comparison of the wet-mount and filter mount methods for virus enumeration. The wet-mount method was tested by comparing viral concentrations obtained with the wet-mount and filter mount methods in triplicate samples collected from a variety of marine and freshwater environments as well as in cultivated viral lysates (described in Table S1 in the supplemental material). Briefly, field samples included those from a 6-depth profile (5 to 300 m) from the Eastern Tropical North Pacific Ocean (using whole seawater samples); 8 surface ocean locations throughout the Pacific, Atlantic, and Southern Oceans chosen for their range of chlorophyll concentrations (collected on the Tara Oceans Expedition [6] , using 0.2-m-filtered samples); and a freshwater location in South Carolina. All field samples were preserved with glutaraldehyde (0.5% final concentration), flash frozen in liquid nitrogen, and stored at Ϫ80°C until analysis. Lysate samples included the Synechococcus virus S-WHM1 (7), two dilutions of the Synechococcus virus S-SM1 (8) , and the Prochlorococcus virus P-HM2 (9). Triplicate independent 1-ml samples were processed by using each of the filter mount and wet-mount methods, as described below. Statistical comparison of viral concentrations obtained by using each method was then performed by using two-tailed t tests and Pearson correlation (SigmaPlot v12.5; Systat Software Inc.).
Filter mount sample preparation and analysis. The filter mount method was performed according to methods described previously by Suttle and Fuhrman (4) . Briefly, samples were filtered onto 0.02-mpore-size ceramic filters (Whatman Anodisc), stained with SYBR gold (Invitrogen) for 15 min, and mounted onto a glass slide with an antifade solution (Acros Organics). Viruses were viewed under blue excitation using a Nikon TS100 inversion microscope or a Zeiss Axio Imager epifluorescence microscope at a ϫ1,000 magnification. The viral concentration was determined by using the average number of fluorescent viruses within a given area of the microscope reticle in 20 fields of view and the total volume of sample filtered through a measured area on the filter.
Wet-mount sample preparation and analysis. The wet-mount method for enumerating viruses involves an optional virus concentration step followed by combining a known volume of stained sample with a known volume and concentration of silica beads for relative enumeration of viruses and beads to calculate the virus concentration in the sample (Fig. 1) . The reagents for assessing viral concentrations using the wetmount method are fully described in Table 1 , and the protocol is as follows.
1. If the virus concentration is expected to be Ͻ5 ϫ 10 7 viruses ml Ϫ1 , concentrate the viruses by chemical flocculation, as follows. Add 1 l iron chloride solution to a 1-ml sample in a microcentrifuge tube, mix the sample by inversion, and centrifuge the mixture for 20 min at ϳ14,000 ϫ g. Remove the supernatant and resuspend the pellet in 10 l ascorbate-EDTA buffer. (If a lower concentration factor is desired, the pellet may be resuspended in a larger volume of ascorbate-EDTA buffer. In this case, increase the amounts of SYBR gold, glycerol, and silica beads accordingly in subsequent steps.) 2. Add 2 l SYBR gold working stock to the concentrated sample, vortex the mixture, and incubate the mixture for 15 min in the dark. If the sample was not concentrated with chemical flocculation (i.e., the concentration is expected to exceed 5 ϫ 10 7 viruses ml Ϫ1 ), mix 10 l unconcentrated sample with 2 l SYBR gold working stock in a microcentrifuge tube. 4. Mix the prepared sample thoroughly by pipetting up and down and then immediately pipette 10 l onto a glass microscope slide and place a coverslip over the sample (both the glass slide and coverslip should be cleaned with isopropanol). Avoid trapping air under the coverslip.
5. Using an epifluorescence microscope, count the number of viruses in a given area within the microscope reticle under blue (ϳ495-nm) excitation at a ϫ1,000 magnification. Within the same field of view, count the beads under white light. Continue counting fields of view until at least 100 each of viruses and beads have been counted.
6. The virus concentration is calculated as c virus ϭ n virus /n beads ϫ v beads /v sample ϫ c beads , where c virus is the virus concentration in the sample (viruses ml Ϫ1 ), n virus is the total number of viruses counted, n beads is the total number of beads counted, v beads is the volume of working bead solution added (l), v sample is the sample volume (l) (the volume prior to concentration if chemical flocculation is used), and c beads is the bead concentration in the working bead solution (beads ml Ϫ1 ).
A full, illustrated protocol describing this method is also available online for convenience (http://eebweb.arizona.edu/faculty/mbsulli /protocols/). For analysis of samples with Ͻ5 ϫ 10 7 viruses ml Ϫ1 , viruses must be concentrated with chemical flocculation by using a method adapted from methods described previously by John et al. (10) , to obtain a sufficient concentration of viruses for analysis (Fig. 1A) . Samples in this study with viral concentrations below that threshold were first concentrated 100-fold with this chemical flocculation method (step 1 in the list of procedures above) before being stained with SYBR gold for 15 min and then combined with silica beads and glycerol (added to create a more viscous solution and reduce clumping of beads) (steps 2 and 3 in the list of procedures above) (Fig. 1B) . The silica bead size (2.34 m) was selected due to the ease of visually counting the beads under white light. Due to the relatively large size of the beads (compared to the size of viruses), the bead solution must be vortexed thoroughly prior to the addition of beads to the sample to ensure the addition of an accurate concentration of beads. These concentrated samples did not require the addition of an antifade solution since they were resuspended in a buffer containing ascorbic acid, which reduces fading of the fluorescent signal (11) . Samples were then pipetted directly onto an isopropanol-cleaned glass microscope slide and covered with a cleaned glass coverslip (step 4 in the list of procedures above). Viruses and beads were enumerated in multiple fields of view on a Nikon TS100 inversion microscope or a Zeiss Axio Imager epifluorescence microscope at a ϫ1,000 magnification until at least 100 each of viruses and beads were enumerated to calculate the virus concentration (steps 5 and 6 in the list of procedures above). For each field of view, the total number of fluorescent viruses was determined under blue excitation, after which the total number of beads within the same field of view was determined under white light (Fig. 2) .
For analysis of samples with Ͼ5 ϫ 10 7 viruses ml Ϫ1 , chemical flocculation of viruses prior to wet-mount sample preparation was not necessary to obtain a sufficient concentration of viruses for enumeration. These samples (S-SM1 lysates) were prepared by staining 10 l of sample with SYBR gold, followed by the addition of an ascorbic acid solution (to act as an antifade solution), glycerol, and silica beads (steps 2 and 3 in the list of procedures above) (Fig. 1B) . These samples were then wet mounted onto slides and enumerated exactly as described above for the samples that had been concentrated with chemical flocculation. To compare the wetmount method with the filter mount method for these samples with high viral concentrations, they were diluted 10-fold in phosphate-buffered saline (PBS) prior to filtering 1 ml of sample for the filter mount method, as the undiluted sample would have resulted in an excessive viral density on the filter, preventing analysis. We also note that while p-phenylenedi- lysate obtained by using the filter mount (A) and wet-mount (B) methods, seawater from 30 m in the Pacific Ocean depth profile by using the filter mount (D) and wet-mount (E) methods, freshwater from Lake Murray by using the filter mount (F) and wet-mount (G) methods, and unpurified S-SM1 lysate with Synechococcus cells by using the filter mount (H) and wet-mount (I) methods. These epifluorescence images include arrows pointing to two of the viruses in each image. Under white light (C), beads are visible in the same field of view as for the wet-mount sample (B), with arrows pointing to two of the beads in the image. Bar, 10 m.
amine is a popular antifade chemical (4) , it reacted with glutaraldehyde to form a precipitate in these wet-mount samples and thus should not be used in the wet-mount method with fixed samples.
The minimum number of beads and viruses enumerated per sample is justified as follows. Counting statistics (also known as shot noise) dictates that the error in the quantity of viruses or beads counted is given by 1⁄ ͙ n (12), where n is the number of objects enumerated, and therefore, the total error in viral abundance is total ϭ ͙ 1⁄n virus ϩ1⁄n beads , where n virus and n beads are the total numbers of viruses and beads counted, respectively. When at least 100 each of viruses and beads are enumerated, the maximum error is 14%.
Storage conditions for samples prepared by using the wet-mount method. Storage conditions were assessed by using two different lysates concentrated 100ϫ using the flocculation method described above. To assess storage after samples were mounted onto slides, triplicate samples (S-SM1 lysate) were prepared and analyzed by using the full protocol described above, with slides being stored vertically at Ϫ20°C immediately after enumeration, and viruses and beads were recounted 7 days later. Additional triplicate samples (S-WHM1 lysates) were prepared through step 3 in the list of procedures above, with 10 l of the prepared sample being analyzed immediately and the remaining sample (ϳ10 l) being stored in a microcentrifuge tube at Ϫ20°C until analysis 7 days later.
RESULTS AND DISCUSSION
The wet-mount method resulted in fluorescently stained viruses with an intensity similar to those of the filter-mount method (Fig.  2) . While there was typically a lower density of viruses in the images derived from samples prepared by using the wet-mount method, this is favorable because viruses are enumerated in larger fields of view with the wet-mount than with the filter mount method. However, images depicting a greater density of viruses and cells can be obtained with more concentrated samples (Fig.  2I ). Viral concentrations obtained by using the wet-mount method were strongly correlated (Pearson correlation coefficient of 0.986; P Ͻ 0.001) with those obtained by using the filter mount method for all sample types tested, including viral lysates and samples from a variety of oceanic and freshwater regions (Fig. 3) . There was no significant difference in viral concentrations obtained by the use of these methods for the majority of samples (13 of 19 samples; two-tailed t tests) (see Table S1 in the supplemental material). For the remaining samples with significantly different viral concentrations, neither method consistently resulted in higher or lower viral concentrations, nor were these differences restricted to a specific range of viral concentrations (i.e., high versus low) or sample type (i.e., freshwater versus marine sample, natural sample versus lysate, or low versus high chlorophyll concentration), indicating stochastic variability inherent to analyses of samples ( Fig. 3 ; see also Table S1 in the supplemental material). Furthermore, we consider the low magnitude of the differences in Table S1 in the supplemental material). Average viral concentrations for all samples obtained by using each method were strongly and positively correlated (Pearson correlation coefficient, 0.986; P Ͻ 0.001). The solid lines represent a 1:1 relationship, and dashed lines represent an interval of 70% agreement between methods around the 1:1 relationship to facilitate visual comparison of results. average viral concentrations for the few significantly different samples to be acceptable for studies of aquatic viruses.
It is important to note that there is no available standard used in aquatic virus enumeration methods. Previous studies comparing aquatic viral concentrations determined by using different methods (i.e., TEM, filter mount, and flow cytometry) have shown discrepancies between methods, with one method usually resulting in consistently higher viral concentrations (13) (14) (15) (16) (17) . However, we observed no such consistent differences in our comparison of the wet-mount and filter mount methods. Furthermore, the comparison in this study showed that most of the samples had at least 70% agreement between virus concentrations obtained by use of the wet-mount method and those obtained by use of the filter mount method (Fig. 3) , which is similar to data from previously reported comparisons of methods used to enumerate viruses (16, 17) . The wet-mount method also had high precision; standard deviations of the means for triplicate samples were 2 to 18% (average, 7% Ϯ 4%) of the mean virus concentration and were not significantly different from those obtained by using the filter mount method (P ϭ 0.531 by two-tailed t test). Thus, the wet-mount method and the filter mount method can be used with equal confidence.
When enumerating viruses, it is sometimes advantageous to store prepared samples for enumeration at a later date. For example, samples prepared with the filter mount method can be stored at Ϫ20°C for at least 4 months, with no significant change in viral concentrations (4) . For wet-mount samples, we tested storage of prepared samples both in microcentrifuge tubes and on slides at Ϫ20°C (Fig. 4) . While the calculated virus concentration was higher after storage of the prepared samples under both storage conditions, these differences were not significant (P ϭ 0.210 and P ϭ 0.083, respectively, by two-tailed t tests). Thus, samples prepared by use of the wet-mount method can be stored frozen either before or after mounting the sample onto slides, with no significant change in the calculated virus concentration.
The wet-mount method had one major drawback compared to the filter mount method, which was the inability to efficiently enumerate samples with viral concentrations of Ͻ1 ϫ 10 6 viruses ml Ϫ1 . Attempted analysis of samples with lower viral concentrations (i.e., samples below 300 m in the Pacific Ocean depth profile) using the wet-mount method resulted in Յ1 virus per field of view, even after maximum concentration (100-fold) with chemical flocculation. Thus, the wet-mount method is not recommended for samples with viral concentrations of Ͻ1 ϫ 10 6 viruses ml Ϫ1 because the low density of viruses on the slide significantly extends the time for analysis of a sample. Although this limitation prevented analysis of the deep-sea samples (Ͼ300 m) in the Pacific Ocean depth profile in this study, many deep-sea samples have viral concentrations above this limit (e.g., see reference 18), and thus, the wet-mount method should be useful for a wide range of environmental samples.
The available methods to enumerate aquatic viruses each have benefits and limitations that are worth considering when planning research projects. For example, TEM-based analyses of aquatic samples can generate information about the morphological characteristics of viruses (e.g., see reference 21) in addition to viral abundance (e.g., see reference 3) but can potentially underestimate the number of viruses because they may be obscured by debris in the sample (16) . Fluorescence-based methods for viral enumeration (i.e., epifluorescence microscopy and flow cytometry) are significantly faster than TEM but can potentially falsely include gene transfer agents or cell debris as viruses (reviewed in reference 19) while excluding single-stranded DNA (ssDNA) viruses that have very faint fluorescence (20) . One additional advantage of fluorescence-based methods is the ability to enumerate both viruses and bacteria (if present) by using the same prepared sample (e.g., see reference 16). However, the wet-mount method presented here has not yet been evaluated for accuracy in counting of bacterial cells. Among the available epifluorescence-based methods, the filter mount method also provides an opportunity to obtain images with a high density of viruses and cells, while the flow cytometry method does not. The viral density in images obtained by use of the wet-mount method is generally much lower than that for filter mount samples, although the density of viruses and cells increases when more concentrated samples are used. While each of these variables is important when evaluating potential virus enumeration methods for a given project, we offer the wet-mount method as a cost-effective alternative to the widely used filter mount epifluorescence method.
A significant advantage of the wet-mount method over the filter mount method is the lack of a requirement for costly 0.02-m-pore-size ceramic filters. Currently, these filters are available from only one supplier and are expensive (ϳ$10 each). Instead, the wet-mount method uses microsphere silica beads that can be purchased from several suppliers at a ϳ500-fold-lower cost ($0.02 for 20 l of a 10 8 -bead ml Ϫ1 working solution per sample, calculated based on $150 for 15 ml of a 10 9 -bead ml Ϫ1 stock solution). Even after accounting for the cost of other reagents and slides, the per-sample materials cost for the wet-mount method is much lower (ϳ$0.10 per sample). Thus, the wet-mount method is recommended as an equivalently accurate and precise but cheaper alternative for enumerating viruses in field and laboratory samples with viral concentrations of Ͼ1 ϫ 10 6 viruses ml Ϫ1 . Conclusion. Enumeration of viruses in field and laboratory samples is an important tool for investigating the numerous in- fluences of viruses in aquatic environmental systems. However, the high cost of enumerating viruses in aquatic samples using the established filter mount epifluorescence microscopy method can be a significant burden in conducting aquatic virus research. In this study, we present a new, less expensive wet-mount method for aquatic virus enumeration that can be used with accuracy and precision equivalent to those of the filter mount method for a variety of environmental and laboratory samples.
